The spatial variation in central retinal function determined from mfERG was compared to co-localised measurements of cone density in two normal subjects. Individual cone cells in the parafoveal region of the retina were identified from 1°Â 1°images of the photoreceptor mosaic using a modified Heidelberg retina tomograph (HRT). The variation in cone density compared well with previous histology and retinal imaging studies and was strongly linearly correlated (r = 0.98, p < 0.001) with mfERG amplitude within the central retina. Retinal function determined from mfERG amplitude appears to directly reflect the density of the cone cells in this region.
Introduction
The mfERG is a recently developed, objective method to measure retinal function at different locations and eccentricities. Several studies have reported that the ERG response is closely related to photoreceptor function (Hood, Frishman, Saszik, & Viswanathan, 2002; Hood, Seiple, Holopigian, & Greenstein, 1997; Hood et al., 2008; Kretschmann, Seeliger, Ruether, Usui, & Zrenner, 1998 ) so we would naturally expect that the mfERG provides some kind of measurement of localised outer retinal function. Until recently it was not possible to obtain localised in vivo cone counts at different retinal locations in the same subject, the only measures coming from excised cadavre retinae (Curcio, Sloan, Kalina et al., 1990; Curcio, Sloan, Packer, Hendrickson, & Kalina, 1987) .
Currently, it is possible to acquire images of cone mosaic structure in the central retina so that individual retinal cells can be identified. Several studies using confocal scanning laser ophthalmoscope (CSLO) with adaptive optics (AO) techniques (Roorda & Williams, 1999 ) demonstrate high quality images of the cone mosaic at several locations in the central retina (Chui, Song, & Burns, 2008a , 2008b Wolfing, Chung, Carroll, Roorda, & Williams, 2006) . These images provide a means of measuring the spatial variation in cone density in the central retina and this has been found to compare favourably with existing knowledge of the normal cone variation from histology (Chui et al., 2008b) . However, currently there has been little study of the relationship between retinal structure, using such methods, and retinal function at different eccentricities in the same subject. One likely reason for this is the relative novelty of cone imaging methods, but also the size and inaccessibility of current AO technology. What is the nature of the relationship between mfERG and cone density at different eccentricities? How does this compare with the relationship between cone density and grating resolution acuity at the same locations?
In this study we wish to compare measurements of retinal function from mfERG with co-localised measurements of cone density obtained from a modified Heidelberg Retinal Tomograph (HRT) in the same eyes at various locations in the central retina. In addition, since the technology involving CSLO combined with AO has not yet been employed in large patient studies in a meaningful way, we wish to demonstrate the potential for imaging the cone mosaic using the modified commercially-available HRT without AO.
Methods
Two experienced experimental observers (CJW and RSA) with normal visual acuity (6/5) and without ocular abnormalities (excluding mild spherical equivalent (SE) refractive errors CJW, À1.25 D; RSA, +0.25 D) participated in the study.
Multifocal electroretinography
Subjects performed repeated mfERG recordings (VERIS 4.1, Electro-Diagnostic Imaging, Inc., San Mateo, CA, USA) using a high array. This consisted of an unscaled 241-element pattern array covering the central 20°of the retina. A recording time of 30 min, split into 60 sessions of 30 s each was used. The pupil of the left eye dilated using 1% tropicamide and vision was optically corrected for the test distance. The subject was instructed to fixate a central target. The right eye was occluded. The test was performed twice and an average generated. Dawson-Trick-Litzkow (DTL) corneal-contact thread electrodes were used.
The stimulus was presented on a monochrome CRT monitor placed at a viewing distance of 33 cm from the subject so that the stimulus covered at least 50°of the central visual field (Fig. 1) . The test was performed in normal room lighting conditions (surface luminance 150 cd/m 2 ). A pseudo-random binary m-sequence at a stimulation rate of 75 Hz was used to modulate each element in the pattern array.
The mfERG signals were sampled at 1 KHz, filtered between 10 and 300 Hz and amplified by 100 K. Spatial averaging or artefact rejection was not used. The first 80 ms of each signal from each stimulus element was analysed. The response density amplitude (nV/deg 2 ) and implicit timing of the major peak N1-P1, and trough P1-N2, of the waveforms were measured. Individual responses from each pattern element were measured.
Retinal imaging
The Heidelberg Retinal Tomograph (HRT, Heidelberg Engineering GmbH, Germany) uses a helium neon diode laser with wavelength of 670 nm and can produce pseudo-three-dimensional (3-D) topographical en face images of the posterior segment of retinal surface. An HRT1 device was modified by reducing the scan-width of two of the available scanning channels in order to permit 1°Â 1°a nd 2°Â 2°en face images of the retinal photoreceptor layer. Adjustment of the field of view of the HRT was verified using a calibrated scale target, supplied by the manufacturers, and positioned in place of the HRT's objective lens. With an internal aperture size of 2 mm and the same 256 Â 256 pixel image resolution, this results in the instrument operating under diffraction-limited conditions and, because of the wave-guide properties of the cone outer segments, individual retinal cones can be resolved in vivo. In addition to minimising the field of view, the depth scan was set to cover 0.5 mm and accurate fine focusing was employed. Using these settings the pixel size is reduced to be close to 1-2 lm and successive scan planes are 0.0156 mm apart.
High resolution images of the retinal photoreceptor mosaic were acquired with subjects seated comfortably with their chin and forehead appropriately placed on a head support attached to the test equipment. In both cases the left eye was imaged while the right eye observed a small in-focus fixation target via a periscope device to prevent the view being obscured by the instrument. The objective lens of the instrument was positioned approximately 15 mm from the subject's eye. The pupils were not dilated and background lighting was reduced. The operator located the required areas on the retina without the observer altering fixation. At the time of acquisition, only the approximate retinal location could be ascertained but the precise position of each HRT image was later located by superimposing the scans on a fundus image (Canon CR DGi non-mydriatic retinal camera) by co-location of retinal blood vessels. The intensity and sensitivity of the HRT light source was adjusted for optimal imaging and the device was carefully focused. During localisation of the scan the subject was instructed to blink often to refresh the tear film. During scan acquisition the subject was instructed not to blink and maintain very steady fixation. Thirty two images within a depth of 0.5 mm were acquired within 1 s for each scan, resulting in at least 5-6 images at the depth of the cone outer segments. Several scans could be acquired around the same locality with the aim of producing a montage of overlapping images from the parafovea out to the mid-periphery along any meridian.
Peripheral resolution acuity
For one subject resolution acuity thresholds in the peripheral retina were measured using an orientation-identification task. Grating stimuli consisting of 2°radius circular Gabor patches orientated at either 45°or 135°and with the same mean luminance as the background (50 cd/m 2 ) were generated on a high resolution CRT monitor (Sony GDM-500PST9) using a visual stimulus generator (VSG2/3, Cambridge Research Systems, Rochester, UK). The monitor was placed at 50 cm from the subject. The stimuli were presented at 1, 2, 3 and 4 mm from the fovea in the temporal and nasal retina. The pupil of the left eye was dilated using 1% tropicamide and vision was optically corrected for the test distance. The right eye was occluded. The subject fixated a central cross-hair target (0.3°radius) and used their peripheral vision to view the stimulus. Peripheral refractive error was not corrected since it has been found to be little different from the fovea at this eccentricity (Atchison, Pritchard, & Schmid, 2006) and known that peripheral grating acuity is robust to levels of blur up to at least 3.00 D (Anderson, 1996; Wang, Thibos, & Bradley, 1997) . Resolution threshold was measured using a two-alternative forced choice paradigm (2AFC) where the subject indicated if the grating orientation was horizontal or vertical by means of a response box. Stimuli were presented for 1 s (s) (including 0.3 s attack and decay times) and 3 s were given to respond. Trials in which the subject failed to make a response were repeated during the course of the test. A linear staircase method with 1.6 dB step size was used. The spatial frequency of the grating was increased by one step if three consecutive responses were correct and decreased by one step after one incorrect response (3/1 reversal). The cut-off spatial frequency was determined from the average of six reversals for each stimulus location.
Analysis
For each subject, individual cone cells were identified from a montage of retinal images of the parafoveal region out to 10°e ccentricity in the nasal and inferior retina (Fig. 1) . Manual cell counting techniques were used on a subset of sampling windows of 128 Â 128-pixels, selected from the montage of images at different eccentricities. Counting was undertaken only in areas free from blood vessels and consisting entirely of cone cells. Subjective cone identification involved an operator placing a circular marker around defined spots on the images (Fig. 3) . The intensity of these spots varied across the image, possibly as a result of the individual cone orientations and the wave-guide properties of the cone outer segments (Marcos & Burns, 1999) . Within a single image, the size of circular marker was determined from the brightest spots and then kept constant for that particular sampling window. Cone counts were determined from the actual number of identifiable bright spots in each image. Cone counts were used to calculate the cone packing density at fixed distances from the fovea. This was compared to the co-localised measures of cone-driven retinal function in the same subjects determined from the amplitude of individual mfERG recordings (Fig. 1) . In addition the cone densities were used to estimate the limit of resolution from calculated cone spacing and compared to measurements of resolution acuity. A conversion of approximately 1°visual angle to 0.27 mm on the retina, based on the reduced eye model (Bennett & Rabbett's 1989) and the axial length of each subject was used.
Results
The modified HRT1 device produced reliable 2°Â 2°and 1°Â 1°r aw images of central cone mosaic structure in each subject (Figs. 2  and 3 ). Cone photoreceptors could be resolved in normal subjects between 2°and 12°eccentricity in the inferior and nasal retinae. The montage of images in the nasal retina was the most repeatable with the highest quality and was used for the analysis in the rest of this study. It was not possible to identify individual cone cells in the fovea due to the small diameter of the foveal cones.
The packing densities of cones at different retinal eccentricities were determined from manual cone counts in each image. Estimates of packing density in the nasal retina ranged from around 20,000 to 5000 cells/mm 2 between 0.6 mm (2.2°) and 3.5 mm (13°) retinal eccentricity. These compared favourably with estimates of cone density from other photoreceptor imaging studies and histology data (Fig. 4) . While the cone counts in the current study are lower than some previous reports the variation with eccentricity is similar. Local ERG responses were measured for every 1°eccentricity in the nasal retina. The mfERG response density fell with eccentricity following a power function (y = ax b ) where the power (b) was between À0.65 and À0.72 (Fig. 5) . There was little difference between results for N1-P1 and P1-N2 amplitude. The timing of the responses was constant with retinal eccentricity, consistent with previous studies (Parks et al., 1996) .
For each subject, co-localised measures of cone density and mfERG amplitude were compared (Fig. 5) . The variation of cone density with eccentricity was also fitted with a power function were b was between À0.87 and À0.98.
Cone density was strongly linearly correlated (r 2 (7) = 0.96, p < 0.01) with mfERG N1-P1 amplitude within the central retina in each subject (Fig. 6 ). While the correlation and slope and strength of the regression is similar in both subjects, the offset is different.
It is interesting to relate cone density to visual performance. Sampling theory of the retina provides a link between retinal anatomy and measurements of retinal function using subjective visual psychophysics (Hirsch & Curcio, 1989; Merigan & Katz, 1990; Rovamo, Virsu, Laurinen, & Hyvarinen, 1982; Thibos, 1998; Thibos, Walsh, & Cheney, 1987) . Information on the structure and function of the retinal cells can be inferred because of the close correlation found between measures of visual resolution acuity across the visual field and estimates of the spatial density of ganglion cell mosaics (Thibos, Cheney, & Walsh, 1987; Williams, 1988) . Studies using interferometry (a technique which bypasses the optics of the eye to present stimuli directly on the retina) show visual resolution in the fovea, where the packing density of cone photoreceptors and ganglion cells is extremely high (Curcio et al., 1987 (Curcio et al., , 1990 Hirsch & Curcio, 1989) , is limited by the optical parameters of the eye (Thibos & Bradley, 1993; Thibos, Cheney, et al., 1987) . Whereas outside the central fovea, whilst the optical quality of the eye remains excellent, resolution declines rapidly in accordance with the sampling density of retinal cone and ganglion cells (Miller, Williams, Morris, & Liang, 1996) .
Thus the relationship between resolution acuity and cell density allows for a comparison between actual cone counts and visual acuity measurements (Fig. 7) . Chui et al. (2008b) performed a similar comparison in their study of cone counts from retinal images and used published data of resolution acuity. In the current study the data for cone counts and resolution acuity are from the same eyes. An approximation for the arrangement of cone packing (Hirsch & Miller, 1987; Snyder & Miller, 1977) , allows us to calculate the Nyquist limit of resolution (cycles/mm), V n = ( p 3(S/ 1000)) À1 using a value for the centre to centre spacing of the cones (in lm), S = 1000( p 3/2D) 1/2 where D is the cone density (cells/ mm 2 ).
Discussion
The variation of cone photoreceptor packing density with retinal eccentricity measured using CSLO without AO in the current study compares well with published data from AO imaging of the retina and also with histology (Chui et al., 2008a (Chui et al., , 2008b Curcio et al., 1987 Curcio et al., , 1990 . The actual measurements show that histological studies consistently report higher cone densities. It is not clear whether the differences between the various studies, and between subjects within the studies, represent the individual variation or are due to the measurement technique. Chui et al. (2008b) show a large inter-subject variability which clearly accounts for some of the data spread however the preparation of the retinal sample in the case of histology or the method of image acquisition and analysis in the cases of retinal imaging is also likely to influence the result. Curcio et al. (1990) provided a comprehensive study of cone variation in the central retina. They found cone density at 1 mm in the nasal retina was around 21,000 cells/mm 2 and cone spacing of 6-10 lm outside the foveal region. Chui et al. (2008b) using SLO imaging of the retina with AO in emmetropic and myopic subjects shows estimates of cone density of between 14 and 17,000 cells/mm 2 in the nasal retina. In the current study the cone density was lower, at around 14,000 cells/mm 2 in two normal eyes.
While it is likely that there are considerable individual differences in cone packing density it is also possible that the current study underestimates the number of cones resulting in a lower cone density. This may be due to differences in the methods used to identify cone cells from each image. It is also possible that the restricted resolution of the retinal images obtained in the present study (256 Â 256 compared to 512 Â 512 in the study by Chui et al. (2008b) ) leads to slightly reduced image quality. Despite the differences in results, all studies appear to show similar density variation with retinal eccentricity. Chui et al. (2008b) also showed that cone density can vary due to refractive error as a result of retinal stretching in larger myopic eyes. One subject (CJW) in the current study was mildly myopic (À1.25 D) which is not accounted for and may add to the variation in results. Multifocal electroretinography (mfERG) employs a multi-element pattern array stimulus to gain spatial information on retinal function (Sutter, 2001; Sutter & Tran, 1992) . In the normal population the amplitudes of the local responses of the mfERG are found to fall-off exponentially with eccentricity Sutter & Tran, 1992; Verdon & Haegerstrom-Portnoy, 1998) . Comparing the spatial variation of the mfERG with histology studies suggests that the response is dominated by cells of the mid and outer retina, specifically cone and bipolar cells (Hood et al., 1997; Sutter & Tran, 1992) . Indeed, routine clinical stimuli are designed to reflect this with smaller central elements and larger peripheral elements (Hood et al., 2008) . It has also been shown that similarities exist between the mfERG and the full-field photopic ERG (Hood et al., 1997) , which is generated by a combination of cone and OFF and ON bipolar cells (Bush & Sieving, 1994; Hare & Ton, 2002; Sieving, Murayama, & Naarendorp, 1994) . A model of the origin of human mfERG by Hood et al. (2002) suggests that the mfERG waveform is primarily a combination of contributions of overlapping ON and OFF bipolar cells, combined with smaller contributions from the cone photoreceptors and possibly the inner retina.
In the current study the spatial variation of mfERG responses in the two subjects can be fitted with power functions and compares well with previous published data (Sutter & Tran, 1992) . The current study then provides the first demonstration of the localised relationship between mfERG function and cone density in the central retina in the same eyes. It shows a very high correlation between co-localised measurements. The strength of this correlation is perhaps surprising, given the influence of bipolar cell involvement in the mfERG response (Hood et al., 2002) . While the origin of the mfERG response may not yet be fully described, this strong correlation suggests the ratio of cone to bipolar cells may be fairly linear within the central region of the retina measured in this study. There is a scarcity of relevant histological data on the cone-bipolar cell ratio in the human eye, however cone connec- Fig. 4 . The variation in cone packing density with retinal eccentricity in the nasal retina in both subjects (circles) is compared to previous published studies (lines). Cone density decreased from around 20,000 to 5000 cells/mm 2 between 0.6 mm (2.2°) and 3.5 mm (13°) along the nasal meridian. The solid curve represents histology data taken from Curcio et al. (1990) and the dashed line was plotted using data taken from Chui et al. (2008b) in a study using SLO imaging of the retina but with AO correction applied.
tivity to bipolar cell was found to be constant throughout the retina of the macaque monkey (Martin & Grunert, 1992) .
A number of studies also show that the effects of stray light and scattering from other elements in the array can significantly influence mfERG amplitude (Parks, Dudgeon, Groundland, Afzal, & Keating, 2005; Shimada & Horiguchi, 2003) . In the current study we have not taken account of the effects of stray light, but rather assumed that while there may be an overall impact on the responses, the effects at the different locations measured in the central retina will be similar. This may be different if we had made measurements around the region of the optic disc or in subjects with unclear ocular media, where scattering of light may be increased.
Clearly, the assumption made in the early mfERG studies, that the amplitude of mfERG is related to the cone density, is a reasonable one and suggests it is appropriate to describe the mfERG as a cone driven response. In terms of actual measurements, the offset (actual ERG response density to number of cones) was different in each subject. With only two subjects it is not possible to accurately determine a single ratio of cone density to ERG response density. This is not surprising given the variability in the measurement of mfERG amplitude. Further work and many more subjects will be required to investigate this. Furthermore, there remains a need to more fully explore the potential and clinical utility of the modified HRT to produce retinal cone counts in diseases that affect photoreceptor density and investigate how this relates to changes in local retinal function. Wolfing et al. (2006) demonstrates the use of AO retinal imaging to quantify photoreceptor loss in cone-rod dystrophy.
It can be seen that grating resolution acuity is lower than what would be predicted from cone counts, at least outside the fovea. While the ratio of cone to bipolar to ganglion cells can be close to unity in the foveal region, beyond 5-10°eccentricity resolution acuity has been shown to follow the spacing of the coarsest array in the sampling sequence, the ganglion cells, rather than the cones (Anderson & Hess, 1990; Anderson, Wilkinson, & Thibos, 1992; Anderson, Zlatkova, & Demirel, 2002; Thibos, Cheney, et al., 1987) and for a high contrast stationary grating is likely to be limited by midget ganglion cell spacing. To our knowledge there is only one other study which has plotted resolution acuity against cone density at different eccentricities in the same subjects (Rossi & Roorda, 2010) . Retinal eccentricity (mm) Spatial Frequency (cyc/mm) limit of resolution predicted from cone density grating resolution acuity measurements Power (limit of resolution predicted from cone density) Fig. 7 . Relationship between resolution acuity and retinal location. Data shown are the values for the limit of resolution predicted using the measurements of actual cone density (solid circles) and the grating resolution acuity data using psychophysical methods (open circles). 
